Introduction
Highly strained metallacyclopropenes are reactive functionalities and can serve as precursors for the synthesis of highly functionalized organic molecules and heterocyclic main group compounds.
1-3 In this context metallacyclopropenes of group 4 metallocenes have been of particular interest 1,2 and are readily prepared by the reaction of Cp One reason for this is that especially for the heavier (and therefore larger) group 4 metals the use of less sterically demanding alkynes generally produces the more stable metallacyclopentadienes, and therefore detailed investigations on metallacyclopropenes have been limited to bulky and symmetrically substituted alkynes such as PhC^CPh and Me 3 SiC^CSiMe 3 .
1b,2n,o In addition, the metallacyclopropenes derived from Me 3 SiC^CSiMe 3 are also more susceptible to substitutions and to participate in C-H bond activation processes.
1b,2n,o Nevertheless, in contrast to the rich group 4 chemistry, actinide metallacyclopropenes have remained rare, 4 and only recently the rst stable metallacyclopropene [h 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 Th(h 2 -C 2 Ph 2 ) (2) has been prepared. 5 Several studies have now established that in actinide chemistry the 5f orbitals have signicant inuence on the reactivity. 6 Thorium with its 7s 2 6d 2 ground state stands on the borderline between group 4 metals and the actinides and it is therefore a very attractive element for further investigations. Complex 2 reacts with a variety of hetero-unsaturated molecules such as aldehydes, ketones, CS 2 , carbodiimides, nitriles, isothiocyanates, organic azides, and diazoalkane derivatives.
5
The Th(h 2 -PhCCPh) moiety in complex 2 shows no reactivity towards additional alkynes to form metallacyclopentadienes and no exchange with added alkynes. Therefore it is of interest to explore the reduction of [h 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 ThCl 2 (1)
in the presence of unsymmetrically substituted alkynes such as PhC^CR to prepare novel thorium metallacyclopropenes that can be tuned in their steric and electronic properties and to investigate their ability to participate in C-H bond activation processes that are a highly topical eld in organoactinide research 7 and also to correlate this reactivity to group 4 metal chemistry. These studies are described in this article.
glove box. All organic solvents were freshly distilled from sodium benzophenone ketyl immediately prior to use. KC 8 (ThCN), 154.6 (aryl C), 153.6 (aryl C), 144.6 (aryl C), 142.1 (aryl 
X-ray crystallography
Single-crystal X-ray diffraction measurements were carried out on a Bruker SMART CCD diffractometer at 100(2) K using graphite monochromated Mo Ka radiation (l ¼ 0.71073Å). An empirical absorption correction was applied using the SADABS program. 10 All structures were solved by direct methods and rened by full-matrix least squares on F 2 using the SHELXL program package. 11 All the hydrogen atoms were geometrically xed using the riding model. Disordered solvents in the voids of 8 and 10 were modeled or removed by using the SQUEEZE program. 12 The crystal data and experimental data for 7-10, 12 and 13 are summarized in Table 1 . Selected bond lengths and angles are listed in Table 2 .
Computational methods
All calculations were carried out with the Gaussian 09 program (G09), 13 employing the B3PW91 functional, plus a polarizable continuum model (PCM) (denoted as B3PW91-PCM), with standard 6-31G(d) basis set for C, H and N elements and Stuttgart RLC ECP from the EMSL basis set exchange (https:// bse.pnl.gov/bse/portal) for Th, 14 to fully optimize the structures of reactants, complexes, transition state, intermediates, and products, and also to mimic the experimental toluenesolvent conditions (dielectric constant 3 ¼ 2.379). All stationary points were subsequently characterized by vibrational analyses, from which their respective zero-point (vibrational) energy (ZPE) were extracted and used in the relative energy determinations; in addition frequency calculations were also performed to ensure that the reactant, complex, intermediate, product and transition state structures resided at minima and 1st order saddle points, respectively, on their potential energy hyper surfaces. In order to consider the dispersion effect for the reaction 2 + py, single-point B3PW91-PCM-D3 (ref. 15) calculations, based on B3PW91-PCM geometries, have been performed. (6), i Pr (7), C 6 H 11 (8) ). However, it is noteworthy that the C-H bond activation occurs selectively at the alkyl-end of the disubstituted acetylene. Moreover, in contrast to complexes 7 and 8, the least sterically hindered complex 6 further undergoes an [1,3]-hydrogen migration to form the cyclometallated allyl complex 9 (Scheme 1). In contrast to the metallacyclopropenes 3-5, complex 2 is stable and no ligand cyclometalation was observed, even when heated at 100 C for one week. Nevertheless, in contrast to zirconium metallacyclopropenes, 1b complex 2 is capable of activating C-H bonds of different substrates, such as those of pyridine or carbonyl derivatives containing an a-H atom upon coordination. For example, treatment of complex 2 with 1 equiv of pyridine, DMAP, pyridine N-oxide or CH 3 Complexes 7-13 are stable in dry nitrogen atmosphere, but they are moisture sensitive. They were characterized by various spectroscopic techniques and elemental analyses. In addition, the solid-state structures of complexes 7-10, 12 and 13 were determined by single crystal X-ray diffraction analyses (Table 1) . Selected bond distances and angles for these compounds are listed in Table 2 . The molecular structures of 7 and 8 are shown in Fig. 1 and 2 . The Th-C(CH 2 CMe 2 Cp) distance of 2.57(2)Å in 7 is comparable to that (2.544(7)Å) found in 8, but signicantly longer than that in [h 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 ThMe 2 (2.480(3)Å). (6) 20 In contrast, the Th-C(34) distance of 2.545(5)Å is comparable to those found in 7 (2.57(2)Å) and 8 (2.544(7)Å).
Results and discussion
The solid state molecular structures of 10 and 12 are shown in Fig. 4 and 5 and for selected bond distances and angles see Table 2 . The Th-C(alkenyl) distances (2.555(12)Å for 10 and Scheme 2 Synthesis of complexes 10-13. Fig. 1 Molecular structure of 7 (thermal ellipsoids drawn at the 35% probability level). 2.569(3)Å for 12) are in the same range as those found in 7 (2.57(3)Å), 8 (2.480(6)Å), and 9 (2.632(6)Å). In 10, the Th-C(pyridyl) distance is 2.440 (11) 
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The solid state molecular structure of 13 is depicted in Fig. 6 Thorium metallacyclopropenes derived from phenyl(alkyl) acetylenes are very reactive species that are capable to undergo a selective intramolecular C-H bond activation of the cyclopentadienyl ligand 1,2,4-(Me 3 C) 3 C 5 H 2 . However, while complex 2 derived from diphenylacetylene cannot promote intramolecular C-H bond activations, it activates intermolecularly C-H bonds upon coordination, such as those of pyridine or carbonyl derivatives containing an a-H atom. To further understand these observations, DFT calculations were performed at the B3PW91 level of theory. As a representative example of the phenyl(alkyl)acetylene derivatives complex 5 was chosen. We rst compared the energetics of the intramolecular C-H bond activation and its selectivity for complexes 2 and 5 (Fig. 7) . These computations revealed several interesting features: (1) The intramolecular C-H bond activation of a methyl group of the 1,2,4-(Me 3 C) 3 C 5 H 2 ligand in 2 is energetically unfavorable (DG(298 K) ¼ 3.9 kcal mol À1 ), while that promoted by complex 5 is exergonic (Fig. 7) , presumably because of electronic effects. In a simple physical organic picture, an alkyl-group introduces a stronger + I-effect than a phenyl group, which should therefore more strongly destabilize the negative charge on a dianionic [h 2 -alkenediyl] 2À ligand and protonation should occur preferentially at the more basic, alkylsubstituted end. Therefore the thermal stability of the diphenylacetylene derived thorium metallacycloproprene 2 may also reect the reduced basicity of the diphenyl-substituted [h 2 -alkenediyl] 2À ligand, so that only those metallacyclopropene complexes derived from phenyl(alkyl)acetylenes are thermally converted to the cyclometalated complexes via an intramolecular C-H bond activation of the 1,2,4-(Me 3 C) 3 C 5 H 2 ligand.
(2) Furthermore, the DFT computations also explain the selectivity of the C-H bond activation: only the RC (R ¼ cyclohexyl) end of phenyl(cyclohexyl)-substituted metallacyclopropene in 5 is capable to undergo s-bond metathesis (DG(298 K) ¼ À4.6 kcal mol À1 ), while the reaction at the PhC-position is energetically unfavorable (DG(298 K) ¼ 4.7 kcal mol À1 ) (Fig. 7) . Again, this difference in reactivity might be ascribed to the electronic effect as just mentioned above. (3) Moreover, the barrier for the conversion of 5 to 8 is only DG ‡ (298 K) ¼ 17.5 kcal mol À1 and can be overcome under the reaction conditions. The computational results are also consistent with the experimentally observed stability of complex 2 upon heating. The energetic prole for the intermolecular reaction of 2 with pyridine is shown in Fig. 8 and it involves the adduct COM10 and the transition state TS10. In the s-bond metathesis transition state TS10 the two forming bond distances of Th-C and C-H are 2.687 and 1.513Å, respectively, ca. 0.22 and 0.42Å longer than those in product 10. , which can be overcome at ambient temperature and therefore is consistent with the experimental observations.
Conclusions
In conclusion, the rst examples of inter-and intramolecular C-H bond activations mediated by thorium metallacyclopropenes were comprehensively investigated. When the substitutents on the thorium metallacyclopropene are changed from phenyl to alkyl, a distinctive change in reactivity is observed, which is also illustrated by their relative stabilities. The thorium metallacyclopropenes derived from phenyl(alkyl) acetylenes are very reactive and cannot be isolated, instead, they thermally convert to cyclometalated complexes via an intramolecular C-H bond activation of the 1,2,4-(Me 3 C) 3 C 5 H 2 ligand. In contrast, the thorium metallacyclopropene 2 derived from diphenylacetylene is thermally stable. The change in relative stability is also reected in DFT computations, which showed that the intramolecular C-H bond activation of the ligand 1,2,4-(Me 3 C) 3 C 5 H 2 induced by 5 is energetically favourable, while that promoted by 2 is not. Nevertheless, in contrast to zirconium metallacyclopropenes, 1b complex 2 is capable of promoting the intermolecular C-H bond activations of substrates, such as pyridine or carbonyl derivatives containing a-H atoms upon coordination. This leads to the formation of the corresponding pyridyl alkenyl or enolyl alkenyl complexes. The further development of new actinide metallacyclopropene complexes and the exploration of the thorium cyclometalated complexes and pyridyl alkenyl complexes in organic syntheses are ongoing projects in these laboratories. 
